Objective: Executive function, a set of cognitive skills important to social and academic outcomes, is a specific area of cognitive weakness in children with congenital heart disease (CHD). We evaluated the prevalence and profile of executive dysfunction in a heterogeneous sample of school aged children with CHD, examined whether children with executive dysfunction are receiving school services and support, and identified risk factors for executive dysfunction at school age.
Previous studies document a range of outcomes in children with CHD, but there are limitations in what they address. First, many examine only specific cardiac diagnoses, or divide children into smaller groups by cardiac diagnosis. This limits the ability to evaluate specific disease factors as they relate to outcome. For example, single ventricle defects and CHD with aortic obstruction likely alter the fetal circulation, affecting fetal brain development, 14 and subsequently may impact cognitive outcomes. Second, many studies primarily address outcomes in infants or toddlers. [15] [16] [17] Some studies extend into school age and adolescence, 8, 12, 13, [18] [19] [20] [21] but few take into account the aspects of a child's medical or demographic profile that may predict a specific cognitive outcome beyond surgical factors and IQ. There is some suggestion that the severity of the defect as indicated by postnatal cyanosis, need for single ventricle palliation, or CHD with aortic obstruction, along with other medical complications such as seizures, stroke, abnormal neurological examination, abnormalities on MRI, premature birth, extended hospital stay, or use of mechanical support, incur higher risk for neurodevelopmental consequences. 2 This study addresses gaps in the extant literature by examining a heterogeneous sample of children with CHD requiring surgical repair in the first year of life, and by examining specific aspects of a child's disease as predictors, rather than dividing children into diagnostic subgroups a priori.
Executive functioning (EF) has been identified as a specific area of cognitive impairment in CHD that is critical to social development and academic learning. 8, 12, [22] [23] [24] [25] EF describes a set of behaviors responsible for purposeful, goal directed activity. 26 It is used to organize and direct cognitive activity, emotional responses, and overt behavior. Developmentally, these skills emerge in toddler/preschool years and develop substantially through childhood, adolescence and early adulthood, mirroring increasing environmental demands. Given this, difficulties in EF become more apparent over time. Children with executive dysfunction are often overlooked by general practitioners and schools, as intellectual development can be unrelated to executive skills problems, or problems with executive skills may be masked by stronger intellectual skills on some testing. 27, 28 Despite this, executive dysfunction is strongly related to a child's development, learning, behavior, and academic success, and it has been suggested that EF is a better predictor of classroom performance and academic achievement than intellectual or early academic skills. 29, 30 In this way, it is possible that school age children with CHD who would potentially qualify for accommodations and/or services are being under identified.
The aims of this study are to (1) evaluate the prevalence and profile of executive dysfunction in a heterogeneous sample of school aged children with CHD, (2) to examine whether school aged children with executive dysfunction are receiving school services and supports, and (3) to identify which indicators of medical severity represent risk factors for executive dysfunction. We hypothesize that children with CHD are at high risk for executive dysfunction at school age, and given previous reports we expect a high prevalence of impairment in this area. In addition, we hypothesize that those patients whose cardiac defect is more likely to alter the fetal and neonatal brain circulation or which predisposes to hypoxic injury (e.g., single ventricle defects, CHD with aortic obstruction, or cyanosis), and those with more complicating medical factors (such as neurological events or prematurity) will have increased prevalence of executive dysfunction.
2 | ME TH OD S
| Participants and procedures
Children with CHD were recruited via social media (Facebook posts in CHD specific groups), in-hospital advertisements, and at cardiology or neuropsychology clinic visits. Patients were included if they had CHD requiring open heart surgery within the first year of life. Patients were excluded if they were diagnosed with a genetic syndrome that would better explain their cognitive and behavioral profile, or if they had a substantial, identified genetic finding that was presumed to have a large influence across organ systems. Study procedures were approved by the Institutional Review Board at Children's National Health System.
Parents gave written informed consent, children between 7 and 10 years of age provided verbal assent to participate, and children over 11 years of age provided written assent to participate. As part of the informed consent process, participants gave permission to contact the child's cardiologist for a recent clinic note, which was used to confirm cardiac diagnosis.
Parents completed a set of questionnaires that were delivered and returned by mail or in person. Study data were collected and managed using REDCap. 31 This included a demographic and medical history questionnaire, where parents reported any prior neurological findings 
| Statistical analyses
Fisher's exact tests were used to determine whether parents of children with CHD were more likely to report elevations across subscales of the BRIEF relative to controls drawn from an archival database.
Fisher's exact tests were also used to evaluate whether children with elevated BRIEF subscale scores were more likely to be receiving special education services or supports. Multivariate logistic regression models were then implemented to examine the odds of elevation in each of the BRIEF subscales in relation to available medical and demographic risk variables (single/two ventricle, cyanosis, aortic obstruction, presence of any neurological abnormality, prematurity [37 weeks/full term], and gender). An effect was considered statistically significant if P value in a 2-tailed test was less than .05. Cyanosis was not included in the models as our preliminary analysis suggested it did not significantly contribute to the models.
| RE SULTS

| Prevalence of executive dysfunction
Ninety-one children with CHD (mean age 9.08 years, SD 5 2.71, range 6-17; 53 male) participated in the study. The sample was a combination of clinically referred patients that volunteered to participate in the study (n 5 26), a local sample that volunteered for a research appointment (n 5 15), and volunteers from around the country who completed questionnaires by mail (n 5 50). Ninety-one age-and gender-matched controls with data on the BRIEF questionnaire were drawn from the normative database from the BRIEF. Descriptive data for each group are presented in Table 2 .
There was a high prevalence of parent reported executive dysfunction in our sample, with 64.8% of parents reporting at least one elevation on the BRIEF, compared with 29.7% of controls (odds ratio 5 4.37; 95% CI: 2.35, 8.14, P < .0001). Figure 1 and Table 3 show the percentage of the sample with clinically significant elevations by subscale. Parents of children with CHD were more likely to endorse clinically significant elevations across BRIEF subscales (all P < .05, Table   3 ), except for Inhibit (P 5 .07, Table 3 ). Working Memory and Shift were most frequently endorsed as problematic, with parents of children with CHD being over eight times more likely to endorse a problem than parents of healthy controls.
| Access to services
Thirty-three percent of children with CHD were receiving some form of support in the school setting (such as an IEP, 504, or similar student support plan if in a private school setting). Those children with CHD who had at least one area of executive dysfunction were not more likely to be receiving services in the school setting when compared with those who did not endorse any problems (v 2 (1, N 5 91) 5 .044, P 5 .833). Similarly, the odds of receiving services or supports in the school setting were not significantly higher for children with CHD endorsing problems in any specific area of EF (Table 4) , though there was a trend toward children with inhibitory control problems being more likely to receive services.
| Relationship between medical/demographic risk factors and executive dysfunction
Results of the multivariate logistic models are presented in Table 5 
| DISCUS SION
This study reveals a high prevalence of executive dysfunction in a sample of school age children with CHD requiring surgery in the first year of life. In the group as a whole, problems with working memory (mental maintenance and manipulation of information) and flexibility (rigid behavior and patterns of thinking) were most commonly reported. This pattern and prevalence of parent reported executive dysfunction is similar to previous reports. 23 Several aspects of a child's medical history and gender were associated with increased risk for executive dysfunction, especially for behavioral dysregulation.
Overall, prematurity was the strongest predictor of negative outcomes for both metacognitive skills and behavior regulation, followed by male gender and CHD with aortic obstruction. We propose that these medical and demographic risk factors may increase the risk for executive dysfunction by impacting brain development in the fetal and neonatal period. Neurodevelopmental problems in CHD are thought to be related to delayed fetal and neonatal brain development and subsequent susceptibility to brain injury. 7 At term, some neonates with CHD have brain MRI findings similar to those of premature infants born at 35 weeks gestation. 4 Risk factors identified in this study impact fetal circulation, which is thought to be a primary mechanism of these maturational changes and subsequent injury. That is, the aortic obstruction may contribute to decreased antegrade flow in the ascending aorta in fetal life, thus likely contributing to delayed brain maturation in-utero. 34 Prematurity also impacts brain maturation and susceptibility to injury. In fact, executive dysfunction has been identified as a specific area of concern in premature children. [35] [36] [37] Given this, our data suggest that prematurity further impacts brain maturation in children with CHD, and therefore subsequent susceptibility to injury. Comparison to children with prematurity and no CHD would provide greater insights into the contribution of each risk factor and their cumulative effects. Finally, males may be more vulnerable to problems associated with brain immaturity, specifically to neonatal hypoxic-ischemic injury. 38 Males and females are known to respond differently to neonatal hypoxic-ischemic injury, which may explain gender differences in prevalence for central nervous system disorders such as cerebral palsy. 39 In addition, there may be different neuronal pathways for cell death in males and females, 40 and estrogen may be neuroprotective. 41 Interestingly, children with single ventricle CHD were not more likely to have executive dysfunction at school age than children with two-ventricle repair. In fact, children who underwent two ventricle repair in this study group were at increased risk for problems with emotional control and organization. This result suggests that all children with CHD, including those who have a two-ventricular repair should be considered at risk for neurodevelopmental abnormalities.
Since surgical and medical management of single ventricle patients is generally more complex, and since they may have more physiological complications, 42, 43 practitioners and researchers often assume that they will have worse neurocognitive outcomes across domains. Indeed, while some studies show worse performance on global outcomes, such as IQ, 44 these findings only approach statistical significance when other patient specific factors are taken into account. That is, it may be that examination of these patient specific factors (e.g., specific physiological This study also suggests that many children who may qualify for services and supports in the school setting are not receiving them. Our finding that only 33% of children with CHD are receiving services is consistent with previous studies in infants and toddlers suggesting that only a small number of infants with CHD participating in a neurodevelopmental follow-up program that qualified to early intervention services were receiving therapies. 46 There was a trend toward being more likely to receive services if a child with CHD had problems related to impulsivity; this makes intuitive sense, since impulsive children can be disruptive in a classroom setting. Despite this, our data suggest that impulsivity is not one of the more commonly reported problems in this group; only 22% of children with CHD had problems in this area. In other words, the majority of children in this sample will not likely be identified for services in the school setting. Taken together, these findings suggest neurodevelopmental assessment across childhood and adolescence is needed as identification of the problem is a critical first step to ensuring appropriate access to therapies and supports, and to continue to identify those children with more subtle difficulties in school age.
There are limitations to the current study which will be addressed in future work. A primary deficiency was reliance on parent report on was also not readily available across the sample. Given previous research, this will likely have a large impact on outcomes and will be included in future data collection and analysis. Though the use of the BRIEF, a self-report measure, allowed a broad sample of children across the country to participate, this limited the type of data available for analysis. While there are limitations to using solely parent report data, the BRIEF has been shown to be a powerful tool in assessment of EF unique from traditional paper-pencil measures, 47 and even accounts for variance in neuroimaging findings of typically developing and patient populations. [48] [49] [50] This study has important implications for clinical practice. The incidence of executive dysfunction in patients with CHD is very high, and may significantly impact a child's ability to succeed in multiple settings. Though neurodevelopmental follow up in children with CHD has been set as a practice guideline by the AHA, 2 there are no guidelines for specific areas that need to be assessed at particular time points in development. While neurodevelopmental programs often prioritize patients with single ventricle CHD, or prioritize seeing very young children, there is evidence that all children with CHD requiring early surgical intervention require regular assessment through school age and adolescence, which can help ensure appropriate access to and continuity of services and therefore improve outcomes. This work also suggests that follow up should include a detailed evaluation of specific cognitive skills like EF. The goal of future research will be to identify which measures are the most sensitive and specific predictors of neurodevelopmental problems in children with CHD, and to work toward selection of effective screening tools (such as the BRIEF) that can be used routinely in cardiology clinics. Future research will also be directed toward evaluation of the prevalence of neurodevelopmental problems in children with decreased heart function or defects such as aortic stenosis undergoing catheter intervention, as they may share similar risk factors with respect to brain maturation. Evaluation of patient specific medical and demographic factors that may confer increased risk for executive dysfunction in later childhood will help create tiered levels of risk for assessment, and "flag" those patients in need of closer monitoring and follow up. Finally, this work suggests a need for specific interventions at school age to improve EF, especially with respect to working memory and flexibility.
With increasing survivorship, there is a strong impetus to better understand those factors that impact a child's quality of life. A better understanding of the complex medical and demographic factors that predict specific neurodevelopmental and psychosocial outcomes will help determine the mechanisms behind these outcomes. This will aid in the development of better standards of care and interventions to improve outcomes for children with CHD and their families.
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